Growth of GaN quantum dots (QDs) on polar and semipolar GaN substrates is a promising technology for efficient nitride-based light emitting diodes (LED) due to suppressed dislocation density in the active region of the devices. The QDs crystal orientation typically repeats the polarity of the substrate. In case of non-polar or semipolar substrates, the polarity of QDs is not obvious. In this article, the polarity of GaN QDs and of underlying layers was investigated nondestructively by X-ray photoelectron diffraction (XPD). Polar and semipolar GaN/Al 0.5 Ga 0.5 N heterostructures were grown on the sapphire substrates with (0001) sapphire substrate. In case of semipolar GaN QDs grown on (1100) sapphire substrate, the (1122) polarity of QDs was determined.
Although the performance of the UV LEDs has been recently significantly improved [1] , their external quantum efficiency (EQE) is still noticeably lower than that of blue LEDs. This observation was attributed to the structural quality of Al x Ga 1−x N materials, mainly grown on sapphire substrates, with typical dislocation densities (DDs) in the range of 10 8 − 10 10 cm −2 , leading to low radiative efficiencies. Different approaches employing various Al x Ga 1−x N growth process optimizations [2] or bulk AlN substrates [3] have been developed, leading to a significant improvement of the EQE value of UV LEDs. Noteworthy, this is also the typical DD range for highly efficient blue InGaN LEDs; one explanation is that (In,Ga)N quantum wells (QWs) are less affected by dislocations than UV (Al,Ga)N QWs, due to local indium fluctuations.
Along this view, another attractive solution to overcome the negative impact of the high DDs is to spatially confine carriers in the three spatial directions, i.e.
through the use of quantum dots (QDs) instead of the classical unidirectional confinement in QWs [4] . Indeed, Al y Ga 1−y N QDs can be grown on Al x Ga 1−x N layers by triggering a three dimensional (3D) growth mode during the epitaxial process [5, 6, 7] . Taking advantage of the compressive epitaxial stress between Al y Ga 1−y N and Al x Ga 1−x N (with x>y), Al y Ga 1−y N QDs are formed through a 2D -3D growth mode transition by molecular beam epitaxy (MBE). Using this 2 approach, QD-LEDs emitting in the near UV range have been demonstrated [8] , with ability to tune the LED wavelength by modifying the QDs structural properties and to assemble QDs into objects with varying dimensionality [9, 10] .
Importantly, GaN crystals have a wurtzite structure, which consists of two conditions [11] , the structural properties [12] as well as the optical properties of the devices [13] . Both piezoelectric and spontaneous polarization fields along the [0001] direction in GaN crystal can reduce the electron-hole wave function overlap in quantum well devices and decrease the radiative recombination rate and the light efficiency in the devices. The direction of the internal fields in GaN depends on the structure polarity, and, therefore, it is technologically important to control the nanostructure growth-front polarity. Along these views, the QDs fabrication process makes it possible to grow QDs on both (0001) oriented 'polar' and (1122) oriented 'semipolar' Al x Ga 1−x N surfaces. In particular, by using semipolar orientations, the internal electric field can be drastically reduced as compared to the polar (0001) surface, which enables the emission shift to shorter wavelengths [14] . Using this approach we were able to fabricate (1122) QD-based UV LEDs emitting at much shorter wavelengths than their (0001) oriented counterparts [15] .
It should be emphasized that the conventional X-ray diffraction (XRD) does not provide information about wurtzite GaN crystal polarity. Alternatively, there are a variety of alternative methods for the identification of wurtzite crystal polarity. The easiest but destructive method for polarity determination of polar GaN surfaces or GaN nanowires is etching in KOH solutions [16, 17] .
Other known methods are convergent beam electron diffraction (CBED) [18, 19, 20, 12] , electron energy loss spectroscopy [18, 21] piezoresponse force mi-3 croscopy [22] , photoassisted Kelvin probe force microscopy [23] , resonant XRD with tunable monochromatic synchrotron radiation [19] , and scanning transmission electron microscopy (TEM) [24] . The high-resolution TEM in the Zcontrast imaging mode with a probe-Cs-corrector seems to be very useful for the wurtzite QDs lattice polarity determination directly without any image simulation, by contrast to what is necessary when using CBED technique [25] . All of these techniques, however, are either destructive, local or require complex sample preparation procedures.
Recently, we have developed a relatively simple non-destructive X-ray photoelectron diffraction (XPD) based technique for GaN polarity analysis. Polarity of polar [26] and semipolar [27, 28] free-standing GaN crystals was determined using Mg Kα source (photon energy 1253 eV) of a typical X-ray photoelectron spectroscopy (XPS) tool. The method is based on the fact that the spatial distribution of neighboring atoms differs for the two opposite GaN crystal orientations and polar angle dependence of photoelectron intensities exhibits local enhancements in the directions toward their atomic neighbors, which is different for opposite crystal orientations [28] . For wurtzite GaN epitaxial films or free-standing crystal surfaces, the photoelectron emission from N atoms appeared most suitable for polarity determination. In addition to crystal surfaces, the approach has also been successfully applied for polarity determination of GaN nanowires grown by plasma-assisted MBE on polar and non-polar substrates [17] .
In this article, polarity of polar and semipolar GaN QDs is analyzed nondestructively by XPD method. In contrast to our previous studies on clean surfaces, in this work two samples were measured 'as-received' without additional surface cleaning procedures. Due to limited inelastic mean free path (IMFP) of photoelectrons, only a few surface layers of QDs and substrate layers were investigated. Despite surface contamination, we were able to measure polar angle dependences of photoemission current in high symmetry azimuthal directions of the GaN QDs and, by using a comparative analysis with the corresponding dependencies of the free-standing GaN, to determine the GaN QDs polarity. 
Experimental details
Three types of samples were grown for this analysis. In Fig. 1 , the following heterostructures are schematically shown: (a) S1 sample is terminated by GaN{0001} QDs on top of GaN/Al 0.5 Ga 0.5 N layers deposited on sapphire (0001) substrate; (b) S2 is a reference sample with epitaxial semipolar GaN{1122} film grown on sapphire (1100); (c) S3 sample contains the semipolar GaN{1122}
QDs on top of semipolar GaN/Al 0.5 Ga 0.5 N layers grown on sapphire (1100) .
The polar (S1) and semipolar (S3) QD samples grown on (0001) c-plane and (1100) m-plane sapphire substrates, respectively, include the following growth specifics: At first, a GaN buffer layer was grown. MBE was used for the growth on c-plane sapphire and metal organic vapor phase epitaxy (MOVPE) was used for the growth on m-plane sapphire. Then, the following layers were grown on S1
and S3 samples by MBE (RIBER 32) reactor using ammonia (NH 3 ) as nitrogen last uncapped QD layer on the top were grown. Atomic force microscopy (AFM) measurements were performed to study the uncapped QD layer morphology.
Representative AFM images of the three samples are shown in Fig. 2 an average height of 3 nm, and average width of 20 nm. They are also aligned along this axis, forming strings of QDs [14] with an average length of 40 nm. In the sample S3, the QD surface coverage area is around 0.5.
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The GaN surfaces were cleaned ex-situ in isopropyl alcohol prior to loading into an ADES-400 angular resolved photoelectron spectrometer. To check a cleanliness of the samples, XPS measurements were performed with base pressure in the spectrometer chamber of 2 × 10 −9 mbar. Detected oxygen concentration was less than 25 at% on S1 and S2 sample surfaces. The oxygen concentration on S3 sample surface was 37 at%. Carbon contamination was not analyzed because C 1s photoelectron peak overlaps with Ga LMM Auger line for Mg Kα X-ray source. The S1 and S2 samples were measured 'as-received', while the S3 sample was annealed at 590
• C in NH 3 atmosphere (1.5 × 10 −6 mbar) during 240 minutes in order to decrease the surface contaminations. After annealing, oxygen concentration decreased to 22 at% on the S3 sample surface, enabling appearance of weak low-energy electron (LEED) patterns.
The LEED patterns were used for determining the QD sample alignment. In clearly seen for as-received S1 sample [ Fig. 3 (a) ]. This pattern corresponds to the {0001} orientation of GaN crystal consistent with previous reports [26, 17] .
The m-plane or [1120] azimuthal direction lie between the hexagonally-aligned reflection maxima [30] and is marked by a dashed line in Fig. 3 (a) . The XPD polar plots were measured along the [1120] azimuthal direction.
The semipolar LEED patterns are more complex due to expected facets on semipolar GaN surfaces [31, 32] . Even for a FS-GaN{1122} clean surface, a mm. The photoelectrons were collected from the almost entire sample surface over acceptance angle of the energy analyzer ±2.1
• . The photoelectron spectra were recorded with electron energy analyzer pass energy of 100 eV and overall energy resolution of 1.72 eV. The incident X-ray beam impinged on the surface at 70
• with respect to the surface normal and photoemission angle (analyzer angle) was varied from the surface normal to 50
• with a step of 2 • .
Polar angle dependences of the photoelectron intensities were obtained from the areas under each photoelectron peak. Shirley background was subtracted from the peaks and the peak integral intensity was computed by peak fitting by Gaussian functions. The integrated photoelectron intensities were normalized to the normal emission intensity.
Results and Discussions
In sample S1, a thin layer of GaN (thickness around 1 nm) separates the QDs from the underlying thicker layer of Al 0.5 Ga 0.5 N [ Fig. 1 (a) ]. Since the photoelectron intensity is attenuated during the electron propagation to the sample surface [33] , the escape depth of the photoemitted electrons is typically about three times larger than the IMFP. For N 1s photoelectrons, the IMFP is about 1.5 nm, and the photoemission signal is expected to originate from a depth of about 5 nm.
The polarity of GaN{0001} crystalline layers was determined from the polar plots of N 1s intensities within the m-plane, i.e. (1100) plane, of the crystal.
According to the XPD measurements on the free-standing GaN crystals, a photoelectron intensity increase or decrease is expected in the range of 20
(0001) or (0001) polarity, respectively [17] . In order to determine the polarity of the QDs, the experimental XPD polar plots of N 1s photoelectron intensities are compared with the corresponding plots obtained from free-standing GaN (0001) and (0001) crystals [ Fig. 4 (a) ]. For the [0001] polarity, a maximum at around
25
• is expected in the polar plot. Thus, according to Fig. 4 (a) , the (0001) polarity of the QDs of S1 sample is confirmed.
Considering the fact that the QDs surface coverages were 30% (sample S1) and 50% (sample S3), it is clear that the collected photoelectron emission comes from both the QDs and the GaN layers below the QDs. We were not able to separate these two contributions due to the large photon beam size of the standard XPS source. Nevertheless, in case of mixed polarity of QDs and base GaN layers, the peak between 20
• -25
• of S1 curve should shift towards high polar angles. Since this is not the case and since the curve from S1 sample agrees very well with the polar plot of the FS-GaN(0001) sample, the dominant (0001) polarity of the polar GaN QDs is determined.
In Fig. 4 (b and FS-GaN(0001) sample grown by hydride vapour phase epitaxy (HVPE) [26] indicates a high structural quality of QDs and GaN/Al 0.5 Ga 0.5 N layers.
The polarity of semipolar free-standing GaN samples was investigated recently by XPD [27, 28] . The semipolar GaN crystals can be divided into two groups, depending on whether m-plane (1100) or a-plane (1120) is perpendicular to the semipolar surface. The {1122} semipolar plane is obtained when tilting 
Conclusions
The polarity of wurtzite GaN QDs was determined non-destructively by X-ray photoelectron diffraction. GaN-based QDs heterostructures were grown on (0001) and (1100) sapphire substrates. Polar angle dependence of photoelectron emission intensities along specific directions in the GaN crystals were measured. The +c polarity of GaN QDs grown on sapphire (0001) substrate was determined. In case of semipolar GaN QDs, the (1122) polarity was measured. The specifics of the polar plots of photoelectron intensities measured from GaN(0001) and GaN(1122) QDs were found consistent with those of the corresponding polar plots from free-standing GaN crystals. These findings offer attractive perspectives in the polar and semipolar GaN QD polarity analysis by a standard laboratory X-ray sources.
